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Abstract 
Cr(VI) and azo dyes are both common pollutants present in wastewater. Both of 
them will negatively affect the water system. Azo dyes are xenobiotic in nature and 
recalcitrant to biodegradation in activated sludge treatment process. Presence of azo 
dye in water body results in aesthetic effects, hindrance of oxygen and light transfer. 
Some azo dyes are carcinogenic and mutagenic in nature. While Cr(VI) is a very toxic 
pollutant, and the United States Environmental Protection Agency has identified 
Cr(VI) as one of the 17 chemicals posing the greatest threat to humans. Cr(VI) will 
produce reactive oxygen species (ROSs) during its reduction. ROSs can easily 
combine with DNA-protein complexes and affect the normal physiological function. 
In wastewater, co-existent of Cr(VI) and azo dyes is common, which, affects the azo 
dye degradation and chromate reduction by microorganisms. Hence an investigation 
on the interactive effects of these two pollutants to chromate and azo dye removal 
provides information for their biological treatment. 
A newly isolated bacterium, Brevibacterium linens, with ability to reduce Cr(VI) 
and decolourize an azo dye, Acid Orange 7(A07), was isolated from the sludge 
I 
sample from a dye factory in Guangdong. The optimal conditions for azo dye 
decolourization and chromate reduction were determined by response surface 
methodology (RSM). 2-level factorial design with minimal resolution V design (MRS) 
ii 
was used to screen out the six factors with significant effects. Glucose, (NH4)2S04, 
and peptone were chosen for central composite design (CCD) study to find out the 
optimal conditions. The predicted optimal nutrient composition predicted by RSM 
was 0.24 g/L glucose, 3.0 g/L (NH4)2S04 and 0.2g/L peptone, at pH7 and 3SoC. The 
predicted maximum dye decolourization and chromate reduction efficiency were 40.7 
+ 1.7 and 83.4 + 0.6% respectively. 
The performance of B. linens under different conditions was investigated. B. 
linens could reduce both chromate and dichromate in present of high salt (3% NaCI). 
However when the pH deviated from 7, the dye decolourization and chromate 
reduction efficiency decreased drastically. The results of effect of initial Acid Orange 
7 and K2Cr04 concentration were unexpected. Absence of Acid Orange 7 and Cr(VI) 
in the culture medium resulted in absence of chromate reduction and azo dye 
decolourization which implied that dye decolourization and chromate reduction by B. 
linens was not as expected to be both reduction processes. 
The properties of the purple colour degradation intermediate were identified with 
Amberite XAD-4 resin separation, mass spectrometry and atomic absorption 
I 
spectrometry analyses. The results suggested that the purple intermediate should be a 
er(III) containing organic complex. 
A new mechanism for dye decolourization and chromate reduction by B. linens 
iii 
was proposed. Under nutrient limiting conditions, A07 was used as an e - donor by the 
enzyme(s) in B. linens for the reduction of Cr(VI). The reduced Cr(III) was then 
complex with the oxidized A07 and formed a purple colour intermediate. This study 








環境保護局確定了六價鎔為對人類構成最大威脅的 17 種化學品之一。 六價鎔會





染料酸性橙 7 (Acid Orange 7) 去色能力的細菌:亞麻短桿菌 (Brevibacterium
linens) ， 並以應用反應曲面法 (response surface methodology, RSM) 去優化最佳
染料脫色和六價銘還原 。 其中研究的六個影響因素首先以兩水準因子實驗
(2-1evel factorial design) 中的最少實驗數五級解析度設計 (minimal runs 
resolution V) 的篩選 。 其後以中心合成設計 (central composite design) 找出葡萄
糖、硫酸鼓和蛋白蝶的最佳條件。最後預測最優他條件為 0.24 g/L 的葡萄糖，
3.0 g/L 的硫酸鼓和 0.2 g/L 的蛋白臉，並於酸鹼(PH) 值為 7 和攝氏 35 度下進




酸鹽 (chromate) 和重鎔酸押(dichromate )及在高鹽環境中 (3%氯f七納)運作良
好 。 但是當酸鹼值偏離 7 時，染料去色和六價鉛還原效率便會大幅下降 。 酸性橙
7 和鎔酸押的最初濃度的影響顯示出意外的結果，如果培養液缺乏酸性橙 7 或鎔
酸餌，亞麻短桿菌的染料去色和六價鎔的效率亦會失去，這意味著亞目前L短桿菌的
染料去色和六價鎔還原的機制兩者並不皆是還原過程 。
因分解所產生的紫色中間體以Amberite 丸屯D - 4 樹脂分離，質譜分析和原子
吸收光譜法去分析 。 結果顯示紫色的中間體應為三價鎔有機他合物 。
我因此提出一個新機制去解釋亞麻短桿菌染料去色和六價鎔還原的過程，在
營養不足的條件下，酸性橙 7 會被亞麻短桿菌內的酪用作還原六價鎔的電子給體，
而還原後的三價鎔和氧他的酸性橙 7 結合並形成紫色中間體 。這項研究發現了細
菌能以偶氮染料作為電子給體去還原六價銘的新還原機制 。
VI 
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1. Introduction 
1.1 Pollution, toxicity and environmental impact of azo dye 
Azo dye are aromatic compound which contain azo group(s) (-N=N-) and 
constitute the largest and most versatile class of dyes (pandey et aI. , 2007). Azo 
compounds are xenobiotic in nature and recalcitrant to biodegradation in activated 
sludge treatment process (Stloz, 2001; Pandey et aI., 2007). More than half of the 
annually produced amount of dyes (estimated worldwide as 1 million tons) are azo 
dyes (Stolz, 2001). There is loss of azo dye, depending on the class of the dye (vary 
from 2% for basic dyes to as high as 50% for reactive dyes), into waste water due to 
incomplete binding of dyes to the fabric (O'Neill et aI., 1999). The loss results in 
severe contamination of surface and ground waters in the vicinity of dyeing 
industries. 
Once those untreated effluents were discharged into the water system, there are 
negative impacts to the water system. Objectionably aesthetic effects could be 
observed even at J.lg/L level (Banat et aI. , 1996; Pandey et aI. , 2007). Moreover the 
presence of dye will hinder the transfer of oxygen and light and affect the living 
conditions of aquatic biology (Stloz, 2001; Pandey et aI. , 2007). Some azo dyes are 
carcinogenic and mutagenic in nature, such as, Disperse Blue 373, Disperse Violet 93 
1 
and Disperse Orange 37 (Banat et ai., 1996; Umbuzeiro et ai., 2005). Aromatic amine 
produced by the degradation of azo dye are normally mutagenic, cytotoxic and 
carcinogenic and hardly degraded under anaerobic condition (Platzek et ai., 1998; 
Pinheiro et ai., 2004). Therefore removal of azo dyes receives increasing interest. 
1.2 Common treatment methods for dyeing effluent 
1.2.1 Physicochemical methods 
1.2.1.1 Coagulation/flocculation 
The coagulationlflocculation method is one of the most widely used techniques 
for waste water treatment due to its low cost and short retention time (Anjaneyulu et 
aI., 2005). The general approach for this technique includes pH adjustment and 
coagulant addition to overcome the repulsive forces between particles. The 
coagulation process stabilizes colloidal particles by adding a coagulant, such as like 
ferric or aluminium salts and results in sedimentation. In order to increase the 
particle size, coagulation is followed by the flocculation of the unstable particles into 
bulky floccules (Kumiawan et aI. , 2006). However the major drawbacks of this 
method are high chemical consumption and production of large volumes of toxic 
sludge which must be converted into a stabilized product (Kumiawan et aI. , 2006). 
2 
1.2.1.2 Adsorption 
High affinity of many dyes towards adsorbent materials is the foundation of 
applying adsorption technique for colour removal. Adsorption is a rapid phenomenon 
of passive sequestration and separation of adsorbate from aqueous/gaseous phase on 
to solid phase (Anjaneyulu et aI. , 2005). The efficiency of adsorption is influenced 
by various factors such as dye/sorbent interaction, sorbent surface area, particle size, 
temperature, pH, and contact time (dos Santos et aI. , 2007). 
Activated carbon is the most commonly used material for dye removal by 
adsorption. Since the surface charge of carbon is neutral, physical adsorption will 
predominate (Robinson et aI. , 2001). This results in activated carbon having a high 
adsorption capacity for both acid and basic dyes. However activated carbon is 
expensIve. Moreover reactivation is required in order to waive the problem of 
disposal of the concentrates. 10 - 15% loss of the adsorbent will be results due to the 
reactivation (Robinson et aI. , 2001). 
Other substrates, including peat, wood chips, corn cobs, rice hull and etc, have 
been reported to be used as adsorbent. These materials are widespread available and 
I 
cheap and thus regeneration becomes unnecessary. These dye-absorbed materials 
3 
have the potential to be used as substrates in solid state fermentation for protein 
enrichment (Robinson et aI., 2001). 
1.2.1.3 Membrane filtration 
Due to the capability of removing both organic and inorganic contaminant, 
membrane filtration has received considerable attention for wastewater treatment 
(Anjaneyulu et aI., 2005). Pressure-driven membrane processes such as nanofiltration 
have been studied extensive for textile wastewater treatment in recent years (Mo et 
aI., 2008; Sahinkaya et aI, 2008; Pazdzior et aI., 2009). However membrane filtration 
will produce sludge with high dye and chemical content. Therefore a following 
biological treatment or coagulationlflocculation after membrane filtration is 
recommended (Pazdzior et aI., 2009). 
1.2.1.4 Fenton reaction 
The mechanism of F enton reaction is shown in Equation 1.1, in which hydrogen 
peroxide is added in an acid solution (PH 2-3) containing F e2+. 
(Equation 1.1) 
4 
Fenton reaction is relatively cheap. It is able to decolourize a wide range of dyes 
(Namboodri & Walsh, 1995) and has high chemical oxygen demand (COD) removal 
and dye degradation efficiencies (dos Santos et aI. , 2007). Moreover the hydroxyl 
radicals (. OH) produced does not involve the use of harmful chemicals (Ozcan et aI. , 
2009). Therefore this process is promising for water treatment. Lucas et aI. (2009) 
has reported the combination of F enton reaction and sequential yeast degradation for 
Reactive Black 5 decolourization and over 90% removal of initial Reactive Black 5 
concentration of 500 mg/L was achieved. 
The major drawback of applying Fenton reaction in treatment of dyeing effluent 
is the high sludge generation due to the flocculation of reagents and dye molecules, 
as well as the need for decreasing the bulk pH to acidic conditions (Robinson et aI. , 
2001). Thus a pre-ozonation of coloured wastewaters prior to Fenton reaction does 
not only decrease the sludge . generation, but also accelerate the overall colour 
removal rates (dos Santos et aI. , 2007). 
1.2.1.5 Ozonation 
I 
Ozonation is a well-established technology for wastewater decolourization and 
azo dye degradation. Oxidation is carried out by molecular ozone, . OH or both and 
5 
usually high removal of dye stuff and COD is achieved within a short time period 
«2 h) (Silva et ai. , 2009). Ozone (EO = 2.07 V) is the strongest oxidant available and 
applicable as compared to H20 2 (EO = 1.78 V) and chlorine (EO = 1.36V) 
(Anjaneyulu et ai. , 2005). It can react with different classes of compounds through 
direct or indirect reaction with no toxic residue and sludge production (Robinson et 
ai. , 2001 ; Anjaneyulu et ai. , 2005). 
The short life span of ozone (typically being 20 min), however, requIres 
continuous high energy input. Its high cost and inadequacy in oxidizing non-soluble 
disperse dyes and vat dyes limit its applications (Robinson et ai. , 2001 ; Anjaneyulu et 
ai. , 2005). 
1.2.1.6 Photocatalytic oxidation (PCO) 
peo is the generation of· OH by irradiating DV light on solid semiconductor 
catalysts such as Ti02 for the decolourization of industrial effluents (Arslan et ai. , 
2000). Ti02-mediated photocatalysis can completely mineralization of pollutants to 
CO2, water and mineral acids. Furthermore Ti02, as photocatalyst, is non-toxic, 
I 
largely available, has long-term stability, strong oxidizing power and high 
photoactivity (Stylidi et ai. , 2004; Sun et ai. , 2008). Moreover peo can be carried 
6 
out under ambient conditions, does not requIre expenSIve oxidants and work 
effectively for low concentration pollutants (Anjaneyulu et aI., 2005). All these 
advantage increase the interest in PCO studies on wastewater treatment. 
However Ti02 has a relatively large band gap and only ring light of wavelength 
shorter than 380 nm, which constitutes only about 3-5% of solar spectra, can activate 
the generation electron (e -) and hole (h +) pairs (Sun et aI., 2008). This limits the 
application of PCO. Therefore a number of visible-light driven (VLD) photocatalysts 
which can utilize visible light, such as nitrogen-doped Ti02 (Sun et aI., 2008) and 
AgBr-Ag-Bb W06 (Zhang et aI., 2009), have been synthesized to solve the problems. 
1.2.2 Biological treatments 
Although there are different physicochemical methods are available for 
wastewater treatment, they have different constrains as mentioned. Therefore there is 
an increasing interest on wastewater treatment by biological methods in as they are 
generally considered as environmentally friendly (Stolz, 2001; Pandey et aI., 2007). 
Biological methods are generally more cost-effective and show high efficiency even 
at low concentrations with production of negligible secondary pollutants (Banat et aI. , 
1996; van der Zee et aI., 2005; Pandey et aI., 2007). This section will mainly focus 
7 
on decolourization of azo dyes by bacteria and fungi. The mechanisms of azo dyes 
degradation will be discussed as well. 
1.2.2.1 Degradation of azo dyes by bacteria 
1.2.2.1.1 Anaerobic conditions 
Addition organic carbon/energy source is required for dye decolourization under 
anaerbic conditions (Chang et aI., 2001; Pandey et aI., 2007; Kim et aI., 2008b). 
Simple substrates like glucose, starch, acetate, ethanol and more complex ones have 
been used for dye decolourization under anaerobic conditions (Talarposhti et aI., 
2001; Yoo et aI., 2001; Isik & Sponza, 2005; van der Zee & Villaverde, 2005). 
Acidogens, methanogens and sulphate reducing bacteria are the main groups of 
bacteria investigated for anaerobic azo dye decolourization (Bras et aI., 2000; Yoo et 
aI., 2001). Kim et a1. (2008b) investigated the decolourization of azo dye, Reactive 
Black 5, in an anaerobic sludge system and about 94% removal was achieved after 
72 h. Beydilli & Pavlostathis (2005) studied the anaerobic decolourization of azo dye, 
Reactive Red 2, using a mixed, mesophilic methanogenic culture. The result showed 
that a long-term acclimation of the culture enhances the azo dye decolourization. 
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1.2.2.1.2 Aerobic conditions 
In recently years, extensive studies have been made on aerobic degradation of 
azo dye (Bafana et aI., 2008; Sharma et aI., 2009). Many bacterial strains that can 
decolourize azo dye have been isolated. However many of these strains require 
additional organic carbon sources, such as glucose, as they cannot use dye as a sole 
growing substrate (Stolz, 2001). Wong & Yuen (1996) reported that glucose can 
enhance the decolourization of Methyl Red (MR) by Acetobacter liquefaciens and 
Klebsiella pneumoniae. The corresponding aromatic amines from the reductive 
cleavage of MR were also detected. Nachiyar & Rajkumar (2003) also reported that 
aerobic degradation diazo dye, Navitan Fast Blue S5R, by Pseudomonas aeruginosa 
required additional carbon and nitrogen sources to co-metabolize the dye. 
There are still a few bacteria that can use the synthetic dye as sole carbon and 
nitrogen source (Sugiura et aI., 1999; Adedayo et aI., 2004). Coughlin et al. (2002) 
investigated the degradation of Acid Orange 7 (A07) in a laboratory scale rotating 
drum bioreactor using waste liquor from a sewage treatment plant. A07 was 
completely mineralized under aerobic condition and the resulting cleavage product 
I 
1-amino-2-naphthol was consumed as nitrogen source. Sphingomonas sp. lCX was 
also isolated which is capable of aerobic degradation of azo dye contain 
9 
1-amino-2-naphthol or 2-amino-1-naphthol in their structure (Orange 11, Acid Orange 
8, Acid Orange 10, Acid Red 4 and Acid Red 88) without additional carbon and 
nitrogen source (Coughlin et aI., 1999). 
1.2.2.1.3 Combined anaerobic and aerobic conditions 
Due to the corresponding shortcoming of anaerobic (production of toxic 
aromatic amine) and aerobic (narrow substrate spectrum) degradation (Pandey et al., 
2007), sequential anaerobic and aerobic treatment of azo dye is an alternative for azo 
dye decolourization. As the anaerobic azo dye reduction is believed as a non-specific 
and extracellular process, the azo dyes are reduced in anaerobic conditions and the 
resulting amines and dye intermediates are completely mineralized in aerobic 
conditions (van der Zee & Villaverde, 2005). Decolourization of different azo dyes 
such as Direct dyes, Remazol dyes, Reactive dyes & Acid dyes by sequential 
anaerobic/aerobic reactor has been reported (Sponza & Isik, 2002; Buitron et aI. 
2004; Isik & Sponza, 2004; Supaka et aI., 2004) and the results are promising. 
Furthermore the toxicity evaluation in reactor studies show decrease or even 
complete loss of toxicity in aerobic phase (van der Zee & Villaverde, 2005). 
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1.2.2.2 Decolourization of azo dyes by fungi 
Many genera such as Cirtocybula, Galactomyces and Saccharomyces, etc, have 
been studied for azo dye decolourization (Wesenberg et aI. 2002; ladhav et aI. , 2006; 
ladhav et aI. , 2007). Li & lia (2008) investigated the removal of dye, Congo Red, by 
decolourization and biosorption with a rice hull-Schizophyllum sp. F 17 system under 
solid state fermentation condition. Maximum total decolourization was 89.71 % and 
the dye decolourization attributed to Schizophyllum sp. F17 was 60.44%. 
The fungal nlycelia have advantages over single cell organisms. Firstly the high 
cell-to-surface ratio allovvs higher physical and enzymatic contact \vith the 
environment. Secondly the extracellular nature of the fungal enzymes is also 
advantageous in tolerating high concentrations of the toxicants (Kaushik & Malik, 
2009). 
However, wastewater treatment plants are not the natural habitat for lignolytic 
fungi (lignolytic fungi favour to grow on nl0ist solid substrate). Moreover acidic pH 
is required for the lignin peroxidases to function \-veIl, which nlay inhibit the growth 
of several other useful luicroorganisnls (Stolz, 2001). These disadvantages limit the 
practical applications of fungal azo dye degradation. 
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1.2.2.3 Mechanisms of azo dye reduction by microorganisms 
The first step in the bacterial degradation of azo dyes is the reduction of azo 
bond (-N=N-) (Pandey et aI., 2007). This cleavage may be achieved by different 
mechanisms. Firstly is the reduction by azoreductase, with nucleotides [flavin 
mononucleotide (FMN); flavin adenine dinucleotide (FAD)] as cofactors (Yoo et aI., 
2001). In anaerobic bacteria, such as Clostridium sp. and Eubacterium sp., the 
azoreductase were oxygen-sensitive and released extracellularly (Pandey et aI., 
2007). 
The reduction of azo dye under anaerobic conditions, however, appears to be 
nonspecific (Stolz, 2001; Pandey et aI. , 2007). Some studies also showed that 
azoreductase activities seem unimportant in vivo as their reductase activity was only 
significant when using cell free extracts only (Russ et aI., 2000). Therefore other 
mechanisms for the bacterial azo dye reduction were proposed. Beige et aI. (2008) 
reported that anaerobic azo dye degradation is an extracellular reduction process 
requiring a multicomponent electron transfer pathway that consists of cytoplasmic 
membrane, periplasmic and outer membrane components. Russ et al. (2000) also 
suggested that the anaerobic azo dye degradation is the action of reduced inorangic 
compounds, such as Fe(II), H2S. However, oxygen is more competitive than azo dyes 
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as electron acceptor, thus this kind of mechanisms seldom occurred in aerobic 
conditions (dos Santos et aI., 2007). Besides azo dye reduction, some bacteria are 
















Fig. 1.1 Schematic diagram of different mechanisms of anerobic azo dye reduction 
(Pandey et aI., 2007). RM = redox mediator, ED = electron donor; b = bacteria 
(enzyme) 
Fungal degradation of azo dyes is usually attributed to the enzyme production 
which under aerobic conditions (Stozl, 2001). Various enzymes such as lignin 
peroxidase, manganese peroxidase and laccase are able to oxidatively cleave the azo 
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bond (Kaushil & Malik, 2009). Besides enzyme production, biosorption is also 
common for fungal azo dye decolourization which the azo dyes are physically 
adsorbed on the fungi cell wall (Kaushil & Malik, 2009). 
1.3 Chromium species, toxicity and their impacts on environment 
Chromium is extensively used in various industries such as electroplating, leather 
and dye industries. Large quantities of chromium compounds are discharged into the 
environment due to these industrial processes and can ultimately have significant 
adverse biological and ecological effects (Kotas & Stasicka, 2000). 
Chromium exists in a wide range of valency states from -4 to +6. The common 
oxidation states of chromium, Cr(III) and Cr(VI), which are drastically different in 
physicochemical properties and toxicity (Kotas & Stasicka, 2000). Cr(VI) is highly 
toxic, mutagenic and carcinogenic (O'Brien et aI. , 2003). The United States 
Environmental Protection Agency (USEPA) has identified Cr(VI) as one of the 17 
chemicals posing the greatest threat to humans (Cheung & Gu, 2007). Exposure to 
Cr(VI) also leads to various health problems. Inhalation of Cr(VI)-containing 
material can cause asthma, pneumonitis and bronchitis (Kotas & Stasicka, 2000). As 
an oxidizing agent, Cr(VI) will produce reactive oxygen species (ROSs) during its 
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reduction. ROSs can easily combine with DNA-protein complexes and affect the 
normal physiological function (Cheung & Gu, 2007). 
Compare with Cr(VI), Cr(III) is much less toxic. Although Cr(III) is the final 
DNA binding species within cells, it is non-carcinogenic. It is because cell membrane 
is nearly impermeable to Cr(III) (O ' Brien et aI. , 2003). Thus Cr(III) has only 
approximate 1/1000 of the toxicity of Cr(VI). Cr(III) is also consider to be a trace 
essential element for glucose and lipid metabolism in mammals (Kotas & Stasicka, 
2000; G6mez & Callao, 2006; Mohan & Pittman, 2006). 
Meanwhile, both Cr(VI) and Cr(III) are under stringent discharge standards in 
many countries as shown in Table 1.1 (Kumiawan et aI. , 2006). 
Table 1.1 Maximum contaminant level of chromium in surface water (Kumiawan et 





Maximum effluent discharge standards (mg/L) 




EPD b (2004) 
Hong Kong 
0.05-0.10 




a United State Environmental Protection Agency (USEPA), USA. 
b Environmental protection Department (EPD), Hong Kong Special Administrative Region (HKSAR) 
C Pollution Control Department (PCD), the Ministry of Natural Resources and Environment, Thailand. 
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1.4 Common treatment methods for chromium 
1.4.1 Chemical and physical methods 
The most common method for removal of chromium is chemical precipitation 
(Mohan & Pittman, 2006). Chemical precipitation usually employs the following 
four major steps. Cr(VI) is first reduced to Cr(III). Cr(III) is then precipitated as 
Cr(OH)3, by increasing pH to 9-10 with lime. The insoluble metal hydroxide is 
settled afterwards. Finally the sludge has to be dewatered and disposed properly 
(Kongsricharoem & Polprasert, 1993). 
Besides chemical precipitation, adsorption is another widely used method. 
Different materials such as activated carbon, polymer and biosorbent have been 
investigated for chromium removal (Mohan & Pittman, 2006). The major 
disadvantages of the adsorption method are recovery of the adsorption column as 
well as further treatment of the backwash water (Gao et aI., 2005). Ion exchange 
resin is usually adopted when the concentration of chromium is low. However, the 
high cost of the resins limit its application (Kumiawan et aI., 2006). 
There are some advanced methods which coupled chromium reduction 
with electricity generation in microbial fuel cells (MFC) (Wang et aI., 2008). MFC 
used Cr(VI)-containing wastewater as catholyte and anaerobic microorganism as 
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anodic biocatalyst. The cathodic electron acceptor in the MFC IS following the 
reaction (Equation 1.2): 
(Equation 1.2) 
The about half cell has a redox potential 1.33 V show that power generation in 
MFC by chromium reduction is favorable. 
1.4.2 Biological methods 
1.4.2.1 Chromium reduction by aerobic bacteria 
Different bacteria such as Achromobacter sp., Bacillus sp., Leucobacter sp. and 
Ochrobactrum sp. were isolated for chromium reduction (Garbisu et aI., 1998; Ma et 
aI., 2007; Zu et aI., 2008; He et aI., 2009). The reduction is mainly attributed by the 
chromate reductase (CR) present in the bacteria which reduce Cr(VI) to Cr(III). 
Ackerley et aI. (2004) reported the chromate reduction mechanism of the two CR in 
Pseudomonas putida (ChrR) and Escherichia coli (YieF). ChrR protein reduce Cr(VI) 
I 
to Cr(V) (which will be further reduced to Cr(III) by other process) by one e-
reduction. While YieF protein directly reduce Cr(VI) to Cr(III) by transfering three e-
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to chromate and one e - to molecular oxygen 
1.4.2.2 Chromium reduction by anaerobic bacteria 
A number of chromium-resistant microorganisms were subsequently isolated, 
such as Achromobacter eurydice, Bacillus cereus, Desulfovibrio desulfuricans, 
Enterobacter c/oacae, Escherichia coli, Micrococcus roseus, Pseudomonas 
aeruginosa, Pseudomonas ambigua and Pseudomonas jluorescens (Lovley, 1993). 
Unlike the CR isolated from aerobes, the Cr(VI) reducing activities of anaerobes are 
associated with their electron transfer. For example, the cytochrome families were 
frequently reported to be involved in the anaerobic chromate reduction (Cheng & Gu, 
2007). 
Sulfate-reducing bacteria have been extensively studied for reduction of metals, 
including Cr(VI). Natural metabolites such as H2S produced by Sulfate-reducing 
bacteria, are effective chemical Cr(VI) reductants under anoxic environment (Cheng 
& Gu, 2007). 
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Fig.1.2 Plausible mechanisms of enzymatic Cr(VI) reduction under aerobic (upper) 
and anaerobic (lower) condition (Cheung & Gu, 2007). SR = soluble reductase; MR 
= membrane-associated reductase. 
1.5 Studies concerning azo dye and Cr(VI) co-treatment 
Although there were extensive studies on chromate reduction and azo dye 
degradation, little of them investigated the co-treatment of the two pollutants at the 
same time. Aksu et al. (2007) reported that presence of Cr(VI) together with Remazol 
Black B, compared with dye and Cr(VI) alone, remarkably reduced the maximum 
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biomass concentration, Cr(VI) and dye removal efficiency of Trametes versicolor. 
Heavy metal ions as well as dyestuffs could be present together in real textile 
industrial effluents and this implied that the investigation of the co-removal of Cr(VI) 
and azo dyes is significant. 
Most of the studies on simultaneous azo dye degradation and chromate 
reduction were concentrated on sorption or chemical methods. Aksu et al. (2009) 
reported the co-adsorption of the Cr(VI) and Remazol black B by microalgae 
Phormidium sp. 22.8% of Cr(VI) and 91.3% of dye were sorbed by the biomass of 
Phormidium sp. in both Cr(VI) and dye initial concentration of 100 mg/L. Sunmathi 
& Manju (2000) investigate the uptake of reactive dyes by Aspergillus foetidus. The 
fungus was able to remove 95% of drimarene dyes within 48 hrs and was able to 
grow and decolourize media in the presence of 5 mg/L of chromium and 1 % sodium 
chloride. However the studies did not involve chromium removal. Kim et al. (2008) 
reported the simultaneous conversion of dyes (Rhodamine B and Methylene Blue) 
and Cr(VI), however, in visible light illuminated polyoxometalate (POM) solution. A 
few researches on co-treatment of the two pollutants by biological degradation and 
reduction were reported. 
In spite of limited studies on co-treatment of azo dye and Cr(VI), there were 
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studies reported the relationships between azoreductase (AR) and chromate reductase 
(CR), the enzymes for azo dye and Cr(VI) reduction. Rafil & Cemiglia (1993) 
compared the AR and nitroreductase (NR) in Clostridium perfringens and reported 
that the enzyme for reduction of both azo dyes and nitroaromatic compounds should 
be the same. K wak et al. (2003) reported that the NR in Vibrio harveyi and E. coli is 
also a CR. Furthermore the azoreductase from Rhodobacter sphaeroides can reduce 
azo dyes, nitroaromatic compounds and chromate (Liu et al. 2007). Therefore the 
enzyme for azo dye and chromate reduction might be the same protein in some 
bacteria. 
1.6 Response surface methodology 
Response surface methodology (RSM) is the most popular optimization method 
used in recent years (Bas & Boyaci, 2007). The development of RSM began with the 
publication of a landmark article by Box & Wilson (1951). It is a collection of 
statistical and mathematical techniques useful for developing, improving, and 
optimizing processes. It also has important applications in design, development, and 
formulation of new products, as well as in the improvement of existing product 
designs (Myers et aI., 2002). The response is expressed by a simple formula: 
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RSM is useful in the solution of many types of industrial problems, including (1) 
mapping a response surface over a particular region of interests; (2) optimization of 
the response, and (3) selection of operating conditions to achieve specifications or 
customer requirements (Myers et aI. , 2002). 
1.6.1 Response surface methodology against one-factor-at-a-time design 
Traditionally, in order to find the optimum conditions, experiments were 
conducted by changing one factor at a time (OFAT) while holding everything else 
constant. However this method has many disadvantages. The most predominant 
drawback of OFAT is that it does not include the interactive effects among the factors 
investigated (Bezerra et aI. , 2008). To illustrate this point, an example will be 
excerpted from the book of Anderson & Whitcomb (2005). Take a most common 
response surface, which is the rising ridge as shown in Fig. 1.3, as an example. The 
corresponding predictive model for this surface can be described as Equation 1.3: 
y = 77.57 + 8.80A + 8.19B - 6.95A 2 - 2.07 B 2 -7.59AB (Equation 1.3) 
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Figure 1.3 A rising ridge surface response lying upon the plane of factors A and B 
Assuming the OFAT experiment starts with factor A and varyIng it 
systematically over 9 levels from -2 to 2 while holding factor B at mid-level (0), the 
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Figure 1.4 OFAT plot after experimenting on factor A (B fix at 0). 
Observing from this curve, the maximum point can be found at 0.63. Then fix 
factor A at 0.63 while varying B over 9 levels from -2 to 2. The result of the second 
OFAT experiment is shown in Figure 1.5. 
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Figure 1.5 OFAT plot for factor B (A fixed at 0.63) 
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After the OFAT experiments, the "optimum point" will be found at A = 0.63 and 
B = 0.82 with "maximum response" at 82. However, the real optimum as shown in 
Figure 1.2 is far higher than this value (·,,94). By using OFAT, the top of the ridge is 
not realized and a better experimental design is needed to detect the interaction of 
AB that causes this unanticipated increase. RSM is an effective alternative as it 
simultaneously varying both A and Band analyzing the results with statistical and 
mathematic tools. 
1.6.2 Phases of response surface methodology 
RSM generally involves 3 phases, the first one, which is referred as Phase Zero, 
is a screening experiment. The objective of the screening experiment is to reduce the 
list of candidate variables to a relative few that are more important, so that 
subsequent experiments will be more efficient and require fewer runs or tests. The 
screening experiment is often conducted with a 2-level factorial design. Once the 
important factors are identified, RSM can formally started with Phase One, which is 
to determine if the current levels of variables resulted in a value of response that is 
near the optimum. Path of steepest method is useful to achieve this goal. When the 
process is near the optimum, Phase Two of a response surface study begins. At this 
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point a second-order model will be obtained with the help of a sophisticated higher 
level design to predict the response surface. And the resulting model may be 
analyzed with statistical tests such as analysis of variance (AN OVA) to exam its 
fitness (Myers et aI., 2002). 
1.6.3 2-level factorial design 
The purpose of the 2-level factorial design is to screen the factors with 
significant effect. All the factors are tested at low and high level, -1 and + 1. Several 
midpoints are usually added to test the curvature of the model. A first order model 
will be generation. 
(Equation 1.4) 
Where y is the predicted response, ~ IS the coefficient and X IS the factors 
investigated. 
A new design called minimal run resolution V (MRS) design was proposed by 
Oehlert & Whitcomb (2002). This design prevents aliasing of main effects and 
2-factor interactions with the lowest run number. Both main effects and 2-factor 
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interaction effects are only aliased with 3 factor interactions and higher interactions 
which are generally negligible. For 6 factors, only 26 runs are required with 4 
replicates of center points (vs. 64 + 4 runs in a 26 factorial design). 
The ability to estimate curvature is a feature of 2-level factorial design. If 
replicates of center points are added into a 2-level factorial design, curvature can be 
estimated by comparison between the real response of the mid-level variables and the 
response generated with the first-order model at mid-level. If the curvature term is 
significant, the response surface is better to be approximated with a second-order 
model from designs like central composite design (CCD). 
1.6.4 Path of steepest ascent 
Box & Wilson (1951) proposed the path of steepest ascent (PSA) method to 
move the mid-level point to the region near to the real optimum. Starting from the 
original mid-level point, a few steps (with same distance from each other) are taken 
along a line that is perpendicular to the contour lines (Figure 1.6). The corresponding 
responses are tested for those points. The point with the highest response is regarded 
as the point most close to the real optimum point, which will be used as the new 
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Fig. 1.6 Direction of PSA 
1.6.5 Central composite design 
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CCD involves a full 2n factorial design, 2n axial points (also expressed as a) and 
center points. Figure 1.6 shows the three factor CCDs. It can provide solid 
foundation for generating a response surface map. CCD contains five levels: -a 
(axial), -1 (factorial), 0 (center), +1 (factorial), +a (axial). The a value can be 
calculated by equation a = 2k14, where k is the number of factors investigated. With 
this many levels, it generate enough information to fit a second-order polynomial 
also called a "quadratic" model, which is capable of characterize curvatures 
I 
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Figure 1.7 Experiment layout of three factor CCD 
The details of the RSM, including term definition and calculation steps, were 
listed in appendix. 
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2. Objectives 
The objectives involved in this project are: 
1. To screen, isolate and identify an effective bacterium for aerobic simultaneous 
azo dye degradation and chromate reduction. 
2. To study the effects of experimental factors and find the optimum conditions by 
RSM. 
3. To investigate the performance of the selected bacterium on different conditions 
such as pH, initial chromate and azo dye concentration, and 
4. To investigate the dye and chromate removal mechanism(s). 
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3. Materials and methods 
3.1 Isolation of bacterial strains 
F our samples were collected from Shatin Sewage Treatment Works (Shatin, 
Hong Kong), Tai Po Sewage Treatment Works (Tai Po, Hong Kong), dye 
factory (Guangdong, China) and green house in The Chinese University of 
Hong Kong (Shatin, Hong Kong) for the study. 
Acid Orange 7 (A07) (Acros Organic, Geel, Belgium), Procion Red 
MX-5B (MX-5B) (Sigma-Aldrich, St. Louis, USA), Acid Yellow 99 (AY99) 
(Sigma-Aldrich, St. Louis, USA), Methyl Red (Sigma-Aldrich, St. Louis, USA) 
and potassium chromate (Sigma-Aldrich, St. Louis, USA) were used in the 
experiments. In order to screening azo dye degrading and chromate reducing 
bacteria chromium nutrient agar plates (Cr-NA) and dye minimal medium agar 
plates (dye-MA) were used. Cr-NA was prepared by adding 5 mM K2Cr04 into 
nutrient agar (Becton, Dickinson and Company, Sparks, USA). dye-MA were 
prepared by adding 100 mg/L of the azo dye into the minimal medium plate 
containing 0.1 g/L D-glucose (>99.9%, Riedel-de Haen, Seelze, Germany), 0.1 
g/L (NH4)2S04 (99.0%, Univar USA, Redmond, USA), 50 mg/L peptone 
(Biolife, Milano, Italy), 30 mg/L yeast extract (Biolife, Milano, Italy) and 15 g/L 
Bacto agar (Becton, Dickinson and Company, Sparks, USA) in 50 mM 
I 
phosphate buffers. 50 mM phosphate buffers were prepared by adjusting 8.71 
g/L of potassium phosphate dibasic (Riedel-de Haen, Seelze, Germany) to pH 7 
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with 1 N HCI (Merck KGaA, Darmstadt, Germany). 
Methyl Red (MR) 
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Acid Orange 7 (AO 7) 
Fig. 3.1 Structures of the azo dyes used in study 
0.1 mL sludge was suspended in 0.9 mL sterilized 0.85% NaCI (Riedel-de Haen, 
Seelze, Germany) solution, and mix throughout by vortex. The diluted samples were 
spread on the Cr-NA plates for screening the Cr(VI) resistant bacteria. After 3 days 
incubation, bacteria with different morphology were inoculated on the Cr-NA plates 
and dye-MA plates in defined area (Plate 3.1). Bacteria that grew well in Cr-N A and 
formed holo in dye-MA plates were selected. 
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(b) 
Plate. 3.1 Inoculation of the chromium resistant bacteria onto the (a) Cr-NA plate (b) 
dye-MA plate 
In order to determine the azo dye decolourizing and chromate reducing ability 
of selected bacteria, the selected bacteria was grown in minimal medium (MM) with 
different kind of azo dye. The components in minimal medium were the same as 
dye-MA with absence of agar and present of 1 mM Cr(VI). The bacteria were grown 
in 30°C for 7 days with 200 rpm shaking. The bacterium with highest azo dye 
decolourizing and chromate reducing efficiency was selected. 
3.1.2 Azo dye decolourization 
1 mL of reacted culture medium was centrifuged by a MicroCentaur 
microcentrifuge (MSE, London, UK) at 13,400 xg for 10 min. The supernatant was 
transferred to a cuvette and tested at the wavelength of 484 nm by a Helis Gamma 
UV -Vis spectrophotometer (Thermo Fisher Scientific, Waltham, USA, Plate 3.2). 
Uninoculated controls were used as the standards to monitor the colour loss during 
the experiment (Equation 3.1). . 
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Decolourization (%) was defined as: 
D I . . (0/) ~bs of treatment - ~Abs of control 100°1 eco ounzatIon 1'0 = X 1'0 
Initial Abs of control 
Plate 3.2 Helis Gamma UV-vis spectrophotometer 
3.1.3 Chromate reduction 
(Equation 3.1) 
The Cr(VI) content was determined by 1,5-Diphenylcarbazide (DPC) method 
(Eaton et ai., 2005). DPC solution was prepared freshly by dissolving 100 mg of 
DPC (Riedel-de Haen, Seelze, Germany) in 20 mL of acetone. The solution was kept 
in a 50 mL Duran bottle wrapped with aluminum foil. 
1 mL of reacted culture medium was centrifuged by microcentrifuge at 
13,400 xg for 10 min. Appropriate amount of supernatant was transferred to a 10 mL 
volumetric flask and diluted to the mark with 0.2 N H2S04 . Then 0.2 mL of DCP I 
solution was added and the solution was left for 5 min for the colour development. 
The solution was then transferred to a cuvette and tested at the wavelength of 540 nm 
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by the spectrophotometer. Uninoculated controls were used as the standards to 
monitor the colour loss during the experiment (Equation 3.2). 
Chromate Reduction (%) was defined as: 
R d . (0/) L1Abs of treatment - L1Abs of control 1000/ e uctlon /0 == x /0 
Initial Abs of control 
3.2 Identification of selected bacterial strains 
3.2.1 Gram stain 
(Equation 3.2) 
A loopful of bacterial colonies were picked up and streaked on a microscope 
slides (Sail Brand, Jiangsu, China) followed by damping with 1 droplet of ultrapure 
water. The resulting slides were placed in a 6SoC oven to dry for 10 min for fixing 
the bacteria on the sidles. After that, one drop of crystal violet solution was dropped 
on the fixed bacterial streak. After 60 sec, the crystal violet was washed away by 
ultra pure water. Then, a droplet of iodine solution was added and waited for 1 min 
before washing away with methanol (99.9%, TEDIA Fairfield, USA). Lastly, one 
droplet of Safranin Red was added and waited for 30 sec before washed away with 
ultra pure water. 
3.2.2 Sherlock® Microbial Identification System 
The Sherlock® Microbial Identification System (MIDI Inc., Newark, Delaware, 
USA) identifies bacteria by comparison of the whole cell fatty acid profiles between 
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the samples and the system's database, using gas chromatography (GC) (Plate 3.3) 
. l~ 
. 1;11 
r.:X!. --- _._"~......-:::. 
Plate 3.3 The Sherlock® Microbial Identification System 
In order to use MID I to identify bacterial strains, 4 standard reagents were 
required. Reagent 1 was prepared by dissolving 6 g NaOH (from Riedel-de Haen, 
Seelze, Germany) in 20 mL ultra pure water and 20 mL methanol (99.9%, TEDIA 
Fairfield, USA). Reagent 2 was prepared by mixing 26 mL 6N Hel (Mallinckrodt, 
Hazelwood, USA) and 22 mL methanol. Reagent 3 was mixture of 25 mL tert-butyl 
methyl ether (MTBE) (99%, from Riedel-de Haen, Seelze, Germany) and 25 mL 
Hexane (950/0, TEDIA Fairfield, USA). Reagent 4 was prepared by dissolving 0.54 g 
NaOH in 45 mL ultra pure water. 
The fatty acids inside the bacterium were extracted with the following 4 steps: 
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(1) Saponification: The bacterium was cultured in a trypticase soy broth agar 
(TSA) (from Becton, Dickinson and Company, Sparks, USA) at 30°C for 1 day. The 
cultured cells were removed from plates with a sterile inoculating loop and 
transferred to a 9 mm screw cap tube. 1 mL of Reagent 1 was added to the tube and 
the tube was heated at 100°C water bath for 30 min so as to cleave the fatty acid from 
the celllipids and convert them to their sodium salts. 
(2) Methylation: Then 2 mL of Reagent 2 was added to the tube and the tube 
was heat at 80°C water bath for 10 min to methylate the fatty acids which increases 
the volatility of the fatty acids for gas chromatography (GC) analysis. 
(3) Extraction: After that 1.25 mL of Reagent 3 was added and the tube was 
shaken for 10 min in order to extract the fatty acid methyl esters into the organic 
phase. 
(4) Base washing: The bottom phase of the solution was removed. Then 3 mL of 
Reagent 4 was added and the tube was shaken the 5 min for removing the free fatty 
acids and residual reagents. Then 2/3 of the top phase of the solution was transfer to 
a GC vial and the fatty acids profile was analyzed by GC. 
3.2.3 16S ribosomal RNA sequencing 
Molecular technique was also applied to identify the bacterium (conducted by 
the colleagues of Hong Kong University of Science and Technology), and a partial 
16S ribosomal RNA of the selected bacterium was sequenced. 
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3.3 Optimization of dye decolourization and chromate reduction efficiency 
with response surface methodology 
3.3.1 Minimal-run resolution V design 
The influences of six factors on decolourization were investigated using a 
MR5 design. The level of the factors and layout of the MR5 design were shown 
in Tables 3.1 and 3.2 respectively. The experiments were conducted in random 
order. 
Table 3.1 Levels of the factors tested in the experimental design 
Level of factors 
Factors 
-1 0 +1 
Xl- Glucose (g/L) 0 0.25 0.5 
X2- (NH4)2S04 (g/L) 0 1.5 3 
X3- Yeast extract (g/L) 0.05 0.15 0.25 
X4- Peptone (g/L) 0.1 0.3 0.5 
Xs- Temperature (OC) 30 32.5 35 
X6- pH 7 8 9 
The factors were coded according to the following equation: 
i = 1, 2, .. . , k (Equation 3.3) 
where Xi was the coded independent factor, Xi was the real independent factor, 
Xo was the value of Xi at the center point and ~ was the step change value. 
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Table 3.2 Experimental design of the MR5 design 
Std. runs Xl X2 X3 X4 Xs X6 
1 
-1 -1 1 1 -1 1 
2 1 1 -1 -1 -1 -1 
3 
-1 -1 -1 -1 1 -1 
4 1 1 1 1 -1 -1 
5 
-1 1 -1 1 -1 1 
6 1 1 -1 -1 1 
7 1 -1 -1 1 -1 1 
8 
-1 1 -1 1 1 -1 
9 1 -1 1 -1 -1 -1 
10 1 -1 1 1 1 
11 1 -1 -1 1 1 -1 
12 1 1 -1 1 1 1 
13 -1 1 -1 -1 1 
14 1 1 1 -1 -1 -1 
15 -1 -1 1 1 -1 
16 1 -1 -1 -1 1 1 
17 -1 1 1 -1 -1 -1 
18 -1 -1 -1 -1 -1 1 
19 -1 -1 -1 1 -1 -1 
20 -1 1 1 
21 1 1 1 -1 1 -1 
22 -1 -1 1 -1 1 
23 0 0 0 0 0 0 
24 0 0 0 0 0 0 
25 0 0 0 0 0 0 
26 0 0 0 0 0 0 
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The factors, which were significant at 95% of confidence level (p < 0.05) 
from the regression analysis were considered to have great effects on dye 
decolourization and chromate reduction. They further optimized by CCD. The 
first-order model used to fit the results of fractional factorial design was 
represented as: 
(Equation 3.4) 
where y was the predicted response; /30 was the intercept; /3i was the linear 
coefficient and Xi was the coded independent factor. 
3.3.2 Path of steepest ascent 
The direction of steepest ascent was parallel to the normal of contour line 
of response curve of the model generated from the MR5 design and passed 
through the center point of MR5 design. The steps along the path were 
proportional to the regression coefficients. Experiments were performed along 
the steepest ascent path until the response did not increase any more. This point 
would be near the optimal point and could be used as center point to optimize 
(Chen et aI. , 2009). 
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3.3.3 Central composite design 
The effect of 3 factors screened was investigated by CCD. The three 
independent factors were studied at 5 different levels (-1.68, -1 , 0, + 1 and + 1.68) 
and a set of 20 experiments were carried out. 
The level of factors and the layout of experimental design of CCD were 
shown in Tables 3.3 and 3.4 respectively. The experiments were conducted in 
random order. 
Table 3.3 Levels of the factors tested in CCD 
Level of factors 
Factors 
-1.68 -1 0 +1 +1.68 
Xl- Glucose (g/L) 0.05 0.15 0.30 0.45 0.55 
X2- (NH4)2S04 (g/L) 0.3 1.0 2.0 3.0 3.7 
X4- Peptone (g/L) 0.10 0.20 0.35 0.5 0.60 
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Table 3.4 Experimental layout of the CCD design 
Standard 
Xl X2 X4 
runs 
1 -1 -1 -1 
2 1 -1 -1 
3 -1 1 -1 
4 1 1 -1 
5 -1 -1 1 
6 1 -1 1 
7 -1 1 1 
8 1 1 1 
9 -1.68 0 0 
10 1.68 0 0 
11 0 -1.68 0 
12 0 1.68 0 
13 0 0 -1.68 
14 0 0 1.68 
15 0 0 0 
16 0 0 0 
17 0 0 0 
18 0 0 0 
19 0 0 0 
20 0 0 0 




where Y was the predicted response, fJo was the intercept, Xi and Xj were the 
coded independent factors, fJi was the linear coefficient, fJii was the quadratic 
coefficient and fJij was the interaction coefficient. 
3.3.4 Statistical analysis 
Design Expert, version 7.0 (STATEASE Inc., Minneapolis, USA) was used 
for the experimental designs and regression analysis of the experimental data. 
Statistical analysis of the model was performed to evaluate the analysis of 
variance (ANOVA). The quality of the polynomial model equation was judged 
statistically by the R2, R2 adj , R2 pred, m:edicted residual ~um of ~quares (PRESS) 
and lack of fit (LOF). 
3.3.5 Experimental validation of the optimized conditions 
In order to validate the optimization of medium composition, three targets 
were set in the predicted optimum conditions. The optimum conditions were 
used in the later studies. 
3.4 Determination of the performance of the selected bacterium in different 
conditions 
The azo dye decolourizing and chromate reducing efficiency in different 
conditions were determined by OFAT method. The factors investigated include 
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different Cr(VI) source (chromate and dichromate), pH (6 - 11), N aCl 
concentration (0 and 3%), initial A07 (0 - 200 mg/L) and K2Cr04 (0 - 2 mM) 
concentration. All experiments were conducted in the optimized conditions 
(determined by RSM). The chromate reduction and dye decolourization of the 
selected bacterium in 100% nutrient broth was also determined. 
3.5 Determination of azoreductase and chromate reductase activities 
3.5.1 Preparation of cell free extract 
Tris-HCI buffer was used as the sonication buffer. 6.1 g of trizma base 
(Sigma-Aldrich, St. Louis, USA) and 372.2 mg ethylenediaminetetra-acetic acid 
(EDT A) (disodium salt, Sigma-Aldrich, St. Louis, USA) was added to 1 L of ultra 
pure water adjust to pH 7 with IN HCI. 
The bacterial cells grown in the medium were centrifuged at 12,000xg for 10 
min and the supematant was discarded. Tris-HCI buffer was added and the bacterial 
cells were then sonicated at 4°C for 10 min (with a 2 min on and 2 min off cycle). 
Sonicated cells will be centrifuged at 20,000xg for 10 min and the supernatant was 
collected as CFE which regarded as a crude enzyme extract. 
Bradford Method was used to determine the protein concentration of the CFE 
with bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, USA) as the standard. 
I 
CFE was assayed for azoreductase and chromate reductase activities. 
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3.5.2 Azoreductase and chromate reductase assays 
Azoreductase activity will be assayed by measuring the disappearance of the 
A07 over time. The reaction mixture (1.0 mL) consisted of 50 JlM A07, 0.2 mM 
NADH (Acros Organic, Geel, Belgium), 20 JlL of FMN (Sigma-Aldrich, St. Louis, 
USA) and CFE. The NADH was prepared in 50 mM Tris-HCl buffer (pH 7.0), added 
to the cuvette and mixed gently to initiate the reaction (Modified from Nakanishi et 
aI., 2001). The residual A07 content was determined by monitoring wavelength at 
484 nm. One unit (U) of azoreductase activity was defined as the reduction of 1 Jlmol 
of dye/min under the assay conditions. 
Chromate reductase activity was determined by measuring the Cr(VI) content 
remained. The reaction mixture (1.0 mL) contained 0.2 mM NADH, 200 JlM K2Cr04, 
and CFE. NADH was prepared in 50 mM Tris-HCl buffer (pH 7.0), added to the 
cuvette and mixed gently to initiate the reaction. The residual Cr(VI) content was 
determined by DCP solution at 540 nm (Modified from K wak et aI., 2003). One unit 
(U) of chromate reductase was defined as reduction of 1 Jlmol Cr(VI)/min under the 
assay conditions. 
3.6 Determination and characterization of degradation intermediate 
3.6.1 Isolation and concentration of the purple colour degradation 
intermediate 
Amberlite XAD-4 resin was used for concentrating the purple intermediate. 
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Amberlite XAD-4 resin (Rohm and Haas Bellefonte; 800 m2/g surface area; wet 
mesh size 20-60) was used after washing with methanol, 1 N HCI solution and 
ultra pure water, respectively, and dried for 2 h at 60°C. 
40 mL of the sample was passed thought the columns. A07 and the purple 
intermediate were retained by the column. Methanol was then used to elude the 
A07 and the purple intermediate was stilled retained in the column. Then 











Plate 3.4 Process of intermediate separation by Amberlite XAD-4 resin 
? -' 
The purple inte~ediates were then concentration to 1 mL by a Biichi 
rotary evaporator system (Biichi, Postfach, Switzaerland, Plate 3.5). 
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Plate 3.5 A Buchi rotary evaporator system (Rotavapor R -114 and water bath B-480) 
3.6.2 Mass spectrometry (MS) analysis 
The concentrated intermediate was diluted with Acetonitrile in ratio 1: 1. 
Ammonium acetate and formic acid was added to the sample to a final 
concentration 0.5 mM and 0.1 % for negative and positive ions operation 
respectively. The samples were injected into an Apex Ultra 7.0 Fourier 
Transform Mass Spectrometer (FTMS) (Bruker Daltonics, Bremen, Germany) 
for MS analysis. The injection volume was 10 JlL. 
The molecular weight (MW) of the identified substance was calculated 
with software IsotopePattem (Bruker Daltonics, Bremen, Germany) and 
I 
formula of the unknown intermediate was deduced with the software and 
MolWeightToFomula (Bruker Daltonics, Bremen, Germany). 
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Plate 3.6 An Apex Ultra 7.0 Fourier Transform Mass Spectrometer 
3.6.3 Atomic absorption spectrometry (AAS) analysis 
The chromium content of the purple intermediate fraction from the Ambilte 
XAD-4 column separation was determined with a Hitachi atomic absorption 
spectrophotometer (Hitach Inc., Chiyoda-ku, Japan, Plate 3.7) using an 
air-acetylene flame. The wavelengths for monitoring concentration of Cr species 
were 357.9/359.3 nm. 
Plate 3.7 A Hitachi atomic absorption spectrophotometer (Hitachi Z-2300 flame 
AAS main unit and single element cathode lamp) 
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4. Results 
4.1 Azo dye decolourizing and chromate reducing ability of the isolated bacterial 
strain. 
Among the bacteria strains screened, none of them have significant azo dye 
decolourizing and chromate reducing efficiency except Strain DF40 (sample 
collected from a dyeing factory in Guangdong). Therefore Strain DF40 was chosen 
for the studied. The results of the chromate reducing and azo decolourizing 
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Fig. 4.1 The azo dye decolourizing and chromate reducing efficiency of the selected 
bacterium with different azo dye after 7 days incubation. Error bars represent the 
standard deviations (N = 3) 
Since strains DF40 showed the highest azo dye decolourizing and chromate 
reducing efficiency when A07 was used as azo dye, A07 and strains DF40 were 
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used as for further studies. 
4.2 Identification of selected bacterium 
Strains DF40 was stained purple by Gram stain, indicated that the bacterium 
was a Gram positive bacterium. The identifications of these bacterial strains were 
conducted with The Sherlock® Microbial Identification System. The results show 
that the selected bacterium should be Brevibacterium linens. 
Table 4.1 Results of The Sherlock® Microbial Identification System 






Brevibacterium epidermidisl iodiunum 
Brevibacterium casei 
*SIM Index stands for similarity index. The acceptable SIM index value should be higher than 0.5 
A partial 16S ribosomal RNA of the bacterium was sequenced. However there 
were double peaks in the results of sequencing. Therefore the species of the 
bacterium was unable to be identified by this method. 
4.3 Optimization of dye decolourization and chromate reduction efficiency 
with response surface methodology 
I 
4.3.1 Minimal-run resolution V design 
The experimental designs and results of the MR5 design experiment on dye 
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decolourization and chromate reduction are shown in Table 4.2. 
Table 4.2 Experimental results of the MR5 design 
Std. Xl X2 X3 X4 Xs X6 Dye decolourization Chromate 
no. (%) reduction (%) 
1 -1 -1 1 1 -1 1 5.2 10.3 
2 1 1 -1 -1 -1 -1 7.2 30.4 
3 -1 -1 -1 -1 1 -1 33.9 43.4 
4 1 1 1 1 -1 -1 5.8 24.4 
5 -1 1 -1 1 -1 1 4.3 13.3 
6 1 1 1 -1 -1 1 5.0 7.1 
7 1 -1 -1 1 -1 1 9.5 8.3 
8 -1 1 -1 1 1 -1 39.7 80.8 
9 1 -1 1 -1 -1 -1 11.1 20.7 
10 1 -1 1 1 1 1 19.6 31.4 
11 1 -1 -1 1 1 -1 25.0 82.5 
12 1 1 -1 1 1 1 4.6 19.4 
13 -1 1 -1 -1 1 1 15.4 7.5 
14 1 1 1 -1 -1 -1 5.9 12.2 
15 -1 -1 1 1 1 -1 24.5 43.9 
16 1 -1 -1 -1 1 1 1.6 1.3 
17 -1 1 1 -1 -1 -1 14.3 27.2 
18 -1 -1 -1 -1 -1 1 2.0 3.2 
19 -1 -1 -1 1 -1 -1 25.2 50.4 
20 -1 1 1 1 1 1 4.5 10.5 
21 1 1 1 -1 1 -1 25.5 72.8 
22 -1 -1 1 -1 1 1 1.6 0.9 
23 0 0 0 0 0 0 16.3 24.3 
24 0 0 0 0 0 0 17.5 25 .2 
25 0 0 0 0 0 0 15.6 27.2 
26 0 0 0 0 0 0 16.1 27.5 
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The results of ANOVA test of the fitted model of the dye decolourization and 
chromate reduction are summarized in Tables 4.3 and 4.4 respectively. 
Table 4.3 Results of AN OVA test of the fitted model for azo dye decolourization 
Sum of df 
Source Mean Square F value Prob> F Coefficients 
Squares 
Model 2616.796 13 201.292 46.901 < 0.0001 (intercept) 13.66 
xI-glucose 50.85911 1 50.85911 11.85016 0.0055 -1.64 
x2-(NH4)2S04 5.27421 1 5.27421 1.22889 0.2913 -0.52 
x3-yeast extract 14.61996 1 14.61996 3.406448 0.0920 -0.89 
x4-peptone 9.176846 1 9.176846 2.138204 0.1716 0.72 
xs-temp 409.5046 1 409.5046 95.4145 < 0.0001 4.73 
x6-pH 924.5676 1 924.5676 215.4241 < 0.0001 -6.96 
XI X2 57.96658 1 57.96658 13.5062 0.0037 -1.77 
XIX3 195.3528 1 195.3528 45.51717 < 0.0001 3.31 
XI X6 128.2494 1 128.2494 29.88209 0.0002 2.64 
X2X4 78.80012 1 78.80012 18.36041 0.0013 -2.13 
X2XS 43.90961 1 43.90961 10.23093 0.0085 1.56 
X3X6 55.32664 1 55.32664 12.8911 0.0042 1.75 
XSX6 95.32403 1 95.32403 22.21048 0.0006 -2.31 
Curvature 24.97087 1 24.97087 5.818209 0.0345 
Residual 47.21034 11 4.291849 
Cor Total 2688.977 25 
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The fitted first-order model of dye decolourization with interactions in terms of 
coded factors is expressed in Equation 4.1. 
y == 13.66 -1.64x] - O.52x2 - O.89x3 + O.72x4 + O.43xs - 6.96x6 -1..77x1X2 + 3.31x1x3 
+ 2.64x1X6 - 2.13x2x4 + 1.56x2xS + 1.75x3x6 - 2.31xsx6 
(Equation 4.1) 
Table 4.4 Results of ANOVA test of the fitted model for chromate reduction 
Sum of df 
Source Mean Square F value Prob> F Coefficients 
Squares 
Model 12673.56 10 1267.356 28.89874 < 0.0001 (intercept) 29.46 
Xl-glucose 201.5549 1 201.5549 4.595932 0.0501 3.20 
x2-(NH4)2S04 209.8755 1 209.8755 4.78566 0.0462 3.26 
x3-yeast extract 53.52081 1 53.52081 1.220402 0.2879 -1.64 
x4-peptone 293.774 1 293.774 6.698747 0.0215 3.92 
xs-temp 1791.025 1 1791.025 40.83964 < 0.0001 9.30 
x6-pH 7830.419 1 7830.419 178.5522 < 0.0001 -19.65 
XIXS 769.0458 1 769.0458 17.53607 0.0009 6.37 
X2XS 242.2092 1 242.2092 5.522947 0.0340 3.57 
X3X6 651.5685 1 651.5685 14.85731 0.0018 5.93 
XSX6 1029.045 1 1029.045 23.46468 0.0003 -7.28 
Curvature 39.54932 1 39.54932 0.901819 0.3584 
Residual 613.971 14 43 .85507 
Cor Total 13327.08 25 
53 
The fitted first-order model of chromate reduction with interactions in terms of 
coded factors is expressed in Equation 4.2. 
y=29.46+3.2x1 +3.26x2 -1.64x3 +3.92x4 +9.3x5 -19.65x6 +6.37x1X 5 +3.57x2X 5 
+ 5.93x3X6 - 7.28x5X5 
(Equation 4.2) 
Temperature, pH and glucose were both important factors for azo dye 
decolourization and chromate reduction. (NH4)2S04 and peptone was also chosen as 
they were important for chromate reduction as well. 
4.3.2 Path of the steepest ascend 
The experimental design and results of PS A are shown in Table 4.5 
Table 4.5 Experimental design of PSA and its corresponding results 
Std. Xl X2 X3 Xs X6 Dye decolourization Chromate 
no. (g/L) (g/L) (g/L) (OC) (%) reduction (%) 
1 0.25 1.5 0.3 32.5 8 16.3 24.3 
2 0.26 1.6 0.31 33.5 7.5 24.1 33.7 
3 0.27 1.7 0.32 34.5 7 31.1 76.6 
4 0.28 1.8 0.33 35 7 30.4 77.5 
5 0.29 1.9 0.34 35 7 31.3 79.6 
6 0.3 2 0.35 35 7 32.6 79.2 
7 0.31 2.1 10.36 35 7 31.9 76.4 
8 0.32 2.2 0.37 35 7 26.8 61.8 
The fifth and sixth point showed the highest dye decolourization and chromate 
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reduction efficiency. Since pH and temperature has reached the operation limits, 
therefore only glucose, (NH4)2S04 and peptone were chosen for optimization with 
CCD and their values in the sixth point were used as a new midpoint in CCD. 
4.3.3 Central composite design 
The experimental designs and results of the CCD for dye decolourzation and 
chromate reduction are shown in Table 4.6. 
Table 4.6 Experimental results of CCD 
Std. no. Xl X2 X4 Dye decolourization (%) Chromate reduction (%) 
1 -1 -1 -1 29.7 60.5 
2 1 -1 -1 21.2 73.7 
3 -1 1 -1 43.6 76.1 
4 1 1 -1 29.1 85.4 
5 -1 -1 1 21.6 61.7 
6 1 -1 1 14.6 51.5 
7 -1 1 1 30.5 66.8 
8 1 1 1 14.8 57.2 
9 -1.68 0 0 37.3 61.3 
10 1.68 0 0 17.4 48.5 
11 0 -1.68 0 19.1 61.4 
12 0 1.68 0 31.9 79.1 
13 0 0 -1.68 36.4 79.2 
14 0 0 1.68 20.4 46.8 
15 0 0 0 32.1 81.9 
16 0 0 0 29.2 78.3 
17 0 0 0 30.8 78.9 
18 0 0 0 29.2 81.5 
19 0 0 0 33 .7 81.6 
20 0 0 0 32.5 80.2 
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The results of ANOVA test of the fitted model of the CCD for dye 
decolourization are summarized in Table 4.7. 
Table 4.7 Results of AN OVA test of the fitted model for dye decolourization 
Sum of df Mean 
Source F value Prob> F Coefficients 
Squares Square 
Model 1172.295 9 130.2549 55.96279 < 0.0001 (intercept) 31.30 
xl-glucose 460.5974 1 460.5974 197.8913 < 0.0001 -5.81 
x2-(NH4)2S04 201.1443 1 201.1443 86.41974 < 0.0001 3.84 
x4-peptone 347.1475 1 347.1475 149.1486 < 0.0001 -5.04 
XIX2 26.84031 1 26.84031 11.53168 0.0068 -1.83 
XIX4 0.007891 1 0.007891 0.00339 0.9547 0.03 
X2X4 20.09 1 20.09 8.631477 0.0148 -1.58 
2 38.37956 1 38.37956 16.48941 0.0023 -1.63 Xl 
X2 2 75.80351 1 75.80351 32.56825 0.0002 -2.29 
X3 2 22.79015 1 22.79015 9.791567 0.0107 -1.26 
Residual 23.27528 10 2.327528 
Lack of Fit 6.334584 5 1.266917 0.373927 0.8479 
Pure Error 16.94069 5 3.388139 
Cor Total 1195.57 19 
R2 = 0.9805 
R2 Adj = 0.9630 
R2Pred = 0.9383 
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The fitted second-order model in terms of actual value of factors is expressed in 
Equation 4.3. 
y = 9.88 + 28.74g1u cose + 20.37(NH4 )2 SO 4 + 26.22peptone - 3.92g1u cose x (NH4 ) 2 SO 4 
+ 1.4g1u cos e x peptone -1 O.56(NH4 )2 SO 4 X peptone - 72.53g1u cose 2 - 2.29(NH4 )2 SO 4 2 
- 55.89 peptone 2 
(Equation 4.3) 
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Fig 4.3 Response surface of dye colourization in terms of glucose and peptone. 
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Fig. 4.4 Response surface of dye colourization in terms of (NH4)2S04 and peptone. 
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The results of ANOVA test of the fitted model of the CCD for dye 
decolourization are summarized in Table 4.8 . 
Table 4.8 Results of AN OVA test of the fitted model for chromate reduction 
Sum of df Mean 
Source F value Prob> F Coefficients 
Squares Square 
Model 2764.79 9 307.1989 18.34166 < 0.0001 (intercept) 80.22 
xl-glucose 25.88077 1 25.88077 1.545241 0.2422 -1.38 
x2-(NH4)2S04 337.4169 1 337.4169 20.14586 0.0012 4.97 
x4-peptone 932.7086 1 932.7086 55.68842 < 0.0001 -8.26 
XIX2 1.363618 1 1.363618 0.081416 0.7812 -0.41 
XIX4 223.3913 1 223.3913 13.33783 0.0044 -5.28 
X2X4 34.47141 1 34.47141 2.058154 0.1819 -2.08 
Xl 2 912.1237 1 912.1237 54.45938 < 0.0001 -7.96 
2 91.53139 1 91.53139 5.464985 0.0415 -2.52 X2 
X3 
2 375.6457 1 375.6457 22.42835 0.0008 -5.11 
Residual 167.487 10 16.7487 
Lack of Fit 155.8691 5 31.17383 13.41635 0.0064 
Pure Error 11.61785 5 2.323571 
Cor Total 2932.277 19 
R2 = 0.9429 
R2 Adj = 0.8915 
R2Pred = 0.5906 
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The fitted second-order model in terms of actual value of factors is expressed in 
Equation 4.4. 
y = -13.38 + 290.68g1u cose + 20.72(NH4 )2 SO 4 + 201.88peptone - 2.75g1u cose x (NH 4 ) 2 SO 4 
- 234.86g1u cose x peptone -13.84(NH 4 ) 2 SO 4 X peptone - 353.58g1u cose 2 - 2.52(NH4 ) 2 SO 42 
- 226.91 peptone 2 
(Equation 4.4) 
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Fig. 4.7 Response surface of chromate reduction in terms of (NH4)2S04 and peptone. 
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4.3.4 Validation of the predicted model 
The predicted optimum conditions generated from the fitted second-order model 
and corresponding experimental results are shown in Table 4.9 
Table 4.9 Predicted optimum conditions and corresponding experimental results. 
Targeta Glucose (NH4)2S04 Peptone Dye decolourization Chromate reduction 
(g/L) (g/L) (g/L) (%) (%) 
Expected Observed Expected Observed 
1 0.24 3.00 0.20 40.9+1.8b 40.7+ 1.7 85.5+4.8 83.4+0.6 
2 0.33 3.00 0.20 36.4+ 1.7 35.1+3.4 88.3+4.8 85.8+2.3 
3 0.15 3.00 0.20 44.3+2.0 43.6+2.2 76.5+5.3 74.3+ 1.6 
a Target 1: both dye decolourization and chromate reduction maximum, Target 2: only chromate 
reduction maximum, Target 3: only dye decolourization maximum. 
b The ± represent the standard error of the expected value. 
The conditions in Target 1 were chosen as the optimum conditions. The 
optimum conditions for the dye decolourization and chromate reduction were 0.24 
g/L glucose, 3 g/L (NH4)2S04, 0.2 g/L peptone, 0.1 g/L yeast extract, 30°C and pH 7. 
4.4 Performance of the selected bacterium in different conditions 
4.4.1 Chromate and dichromate 
I 
The dye decolourization and chromate reduction efficiency by B. linens with 
using 1 mM K2Cr04 and K2Cr207 as Cr(VI) source were same (Figure 4.8). 
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4.4.2 Initial pH 
B. linens could grow within pH 7-10 only and there is no growth of B. linens 
observed in pH low than 6. The dye decolourization and chromate reduction 
efficiency both decreased significantly when the pH increased from 7-10 (Figure 
4.9). 
4.4.3 Low and high salt concentration 
B. linens could grow in 3% NaCl. The dye decolourization and chromate 
reduction efficiency in 30/0 NaCI were slightly decreased compared with the removal 
efficiency in 0% NaCI (Figure 4.10). 
4.4.4 Initial K2Cr04 concentration 
Both chromate reduction and dye decolourization by B. linens showed a similar 
bell shape pattern. The decolourization and reduction efficiency increased when the 
K2Cr04 increased to an optimum level. Further increased of the K2Cr04 beyond the 
optimum level inhibited chromate reduction and dye decolourization efficiency. The 
dye decolourization was absence when there was no K2Cr04 (Figure 4.11). 
4.4.5 Initial Acid Orange 7 concentration 
Increase of A07 showed negative effect on dye decolourization. The chromate 
reduction efficiency was significantly reduced when A07 was absent. The increase 
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of A07 concentration showed a positive effect on chromate reduction (Figure 4.12). 
4.4.6 Nutrients limitation 
B. linens was able to reduce 33.6+2.5 % and 36.6+1.5%ofCr(VI) in 100% NB 
with the absence and presence of the A07 respectively. The dye decolourization was 
11.1 + 1.5% with the presence of Cr(VI). But the dye decolourization was negligible 
with Cr(VI) was absence (Figure 4.13). This showed that B. linens was able to reduce 
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Fig. 4.8 Decolourization and reduction by Brevibacterium linens in different Cr(VI) 
source. Results of azo dye decolourization (p = 0.827) and chromate reduction (p = 
I 
0.127) were statistically analyzed by Mann-Whitney test. Error bars represent the 
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Fig. 4.9 Effect of initial pH on the decolourization and reduction efficiency by 
Brevibacterium linens. Results of azo dye decolourization (p = 0.015) and chromate 
reduction (p = 0.016) were statistically analyzed by Kruskal-Wallis Test. Post hoc 
comparison were done with sharper Bonferroni procedure with 'a' as the highest 
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Fig. 4.10 Effect of NaCI concentration on the decolourization and reduction 
efficiency by Brevibacterium linens. Results of azo dye decolourization (p = 0.05) 
and chromate reduction (p = 0.05) were statistically analyzed by Mann-Whitney test 
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Fig. 4.11 Effect of initial K2Cr04 concentration on the decolourization and reduction 
efficiency by Brevibacterium linens. Results of azo dye decolourization (p = 0.016) 
and chromate reduction (p = 0.012) were statistically analyzed by Kruskal-Wallis 
Test. Post hoc comparison were done with sharper Bonferroni procedure with 'a' as 
the highest ranking. Error bars represent the standard deviations (N=3). 
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Fig. 4.12 Effect of initial A07 concentration on the decolourization and reduction 
efficiency by Brevibacterium linens. Results of azo dye decolourization (p = 0.012) 
and chromate reduction (p = 0.022) were statistically analyzed by Kruskal-Wallis 
Test. Post hoc comparison were done with sharper Bonferroni procedure with ' a' as 
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Fig. 4.13 Decolourization and reduction efficiency by Brevibacterium linens in 100% 
nutrient broth. A: 100% NB with 100 mg/L A07 and1 mM K2Cr04. B; 100 NB with 
1 mM K2Cr04 only. C: 100% NB with 100 mg/L A07 only. All data were statistically 
analyzed by M ann-Whitney test (* represent p < 0.05) with chromate reduction in 
treatment B (p = 0.127) and azo dye decolourization in treatment C (p = 0.05) 
compared with that in treatment A. Error bars represent the standard deviations 
(N=3). 
4.5 Chromate reductase andazoreductase activities 
The chromate reductase activity of the CFE of bacterium was 8.9 + 0.1 V/mg 
protein. No azoreductase activity on A07 reduction was detected. The results showed 
that the bacterium only have chromate reductase production but no azoreductase 
production. 
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4.6 Determination of degradation intermediates and mechanism 
4.6.1 Mass spectrum of the degradation intermediates 
By using the Amberlite XAD-4 columns, the ingredients of the samples were 
division into three portions. When the sample passed thought the column, A07 and 
the purple intermediate were retained. Methanol was then used to elude the A07 and 
the purple intermediate was stilled retained in the column. Then methanol with 0.1 M 
H2S04 was used to further elude the purple intermediates (Plate 4.1). The isolated 
purple intermediates, SA and A07 were injected into the FTMS and the MS 
spectrum of the purple substance is shown in Figure 4.14 
The mass spectrum of the purple intermediate obtained from both negative and 
positive ions mode consisted of various peaks. Most of the peaks in negative ions 
mode contain an isotope pattern of sulphur. This showed that the peaks were mostly 
cluster of H2S04 (MW = 98.97), such as peaks 194.97, 292.89 and 390.86 were 
corresponded to 2M-H, 3M-H and 4M-H of H2S04 respectively. This might due to 
the use of H2S04 for elution in the Amberite XAD-4 resin separation. The peaks in 
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Fig. 4.14 MS spectrum of the purple intermediate (upper) positive ions and (lower) 












Plate 4.1 Intermediate separation by Amberlite XAD-4 resin 
4.6.2 Chromium content of the degradation intermediates 
Elute with 
0.1 M 1-I2S04 
in MeOH 
The total chromium in of the purple intermediates fraction was 5.12 + 0.6 Jlmole 
(in 40 mL sample). 
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5. Discussion 
5.1 Identification and characteristic of Brevibacterium linens 
Although the partial 16S ribosomal RNA sequencing was unable to identified 
the selected bacterium, the high sim index in found The Sherlock® Microbial 
Identification System show that the selected bacterium should be Brevibacterium sp. 
In order to confirm the species with The Sherlock® Microbial Identification System, 
a sim index higher than 0.8 is required. Although the highest sim index is only 0.781, 
the sim index is close to 0.8 and the growth behaviors of the selected bacterium in 
different conditions is also similar to Brevibacterium linens reported in literature. 
Brevibacterium linens is an important dairy microorganism due to its presence 
on the surface of smear surface-ripened cheeses. It's a strictly aerobes with a 
rod-coccus growth cycle (Rattray & Fox, 1999). B. linens is a halotoerant 
microorganism, which can tolerate salt concentration at high as 15% (Rattray & Fox, 
1999). B. linens grow well at neutral pH and growth occurs between pH 6.5 and 8.5 
(Holt, 1986). There was no reported on azo dye degradation by Brevibacterium sp. 
There was only one study reported that Brevibacterium sp was able to reduce 41, 14 
and 9 Cr(VI) at initial chromate concentration 100, 500, and 1 000 ~g/mL 
respectively after 24 h (Faisal & Hasnain, 2004). Therefore the studies on azo dye 
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degradation and chromate reduction by Brevibacterium sp. were very limited. 
5.2 Optimization of dye decolourization and chromate reduction with response 
surface methodology 
Six factors were investigated in this study. Before the RSM, a preliminary study 
of the effects of the factors was carried out so as to give a general idea of the effect 
of different factors to the response. pH and temperature was found the most to be 
most influential to the dye decolourization and chromate reduction. Peptone and 
yeast extract were essential for the growth of the bacterium. Therefore these four 
factors is chosen for studies. Glucose and (NH4)2S04 also showed significant 
influents to the response and therefore these two factors were also investigated. The 
effect of NaCl, A07 and K2Cr04 concentration was also screened in the preliminary 
study. However NaCI only showed inhibitory effect to the response. The toxicity of 
A07 and K2Cr04 affect the minimal nutrients requirement for the bacterium's 
survival. In order to reduce the factor investigate in the RSM and ensure the 
experiment in RSM sucess, these three factors were investigate with OFAT method in 
the latter study. 
Factors with p-value lower than 0.05 were regard as significant. For dye 
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decolourization, the effects of temperature, pH and glucose were significant. For 
chromate reduction, the effects temperature, pH, peptone and (NH4)2S04 were 
significant. In order to investigate the effect of the factors to both dye decolourization 
and chromate reduction, only yeast extract was excluded. 
In the MR5 study, the importance of the resolution of the screening method was 
illustrated by the several significant 2-factor interactions. In original fractional 
2-level factorial design, the 2-factor interactions would alias with the main factors (if 
the resolution was too low) and provide misleading results (for the detail of aliases in 
RSM, please refer to appendix). 
pH and temperature showed very significant effect and interactive effect with 
other factors on the dye decolourization and chromate reduction among all the 
factors. However the dye decolourization and chromate reduction efficiency still 
increased after fourth point and reached a peak at fifth and sixth points. The results of 
the PSA study revealed that optimal level of the two factors should be located at its 
operation limits (PH 7 and 35°C). Therefore these two factors were not studied in 
CCD. Hence value of the glucose, (NH4)2S04 and peptone sxith point in PSA study 
I 
was used as the midpoint value in CCD study. All the experiments in CCD were 
carried out at pH7 and 35°C. 
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The R2, R2Adj and R2pred of dye decolourization in CCD study were over 0.9 and 
the LOF was not significant. This illustrated a good relation between the predicted 
and observed results in the model of azo dye decolourization. Although the R2 pred of 
chromate reduction in CCD was just 0.59 and the LOF was significant, the results in 
validation showed that the predicted optimal conditions for chromate reduction were 
still reliable. 
Although all the quadratic terms (x2) were significant (p <0.5), the predicted 
optimal level of (NH4)2S04 and peptone for dye decolourization and chromate 
reduction located out of the investigation region. This was attributed to the 5 levels 
requirement in CCD which confined the investigation region. The corners of the 
investigated region were hence unable to be investigated by original CCD. Because 
the investigation region in this study was cubical (close to the operation limits) and 
the optimal level of the factors was located at the corners, the predicted optimal level 
of the factors found in this study was located at its limits (according to the equations, 
the optimal level of (NH4)2S04 and peptone located the between the 1 and a level). 
The above explanation could also apply to the effect of glucose to dye 
decolourization. Since the addition of glucose would only inhibited the dye 
decolourization (according to the results in MR5 and CCD), its optimal level should 
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be near to 0 mg/L glucose. Hence the predicted optimal level of glucose also located 
at its limit. 
This study reveals the versatile usage of RSM. Besides searching the optimal 
conditions and revealing the effect of factors to the response in the investigated 
region, RSM can also be used to balance the two reactions if two reactions had to be 
carried out simultaneously and their responses were different (or the balance between 
the cost and the removal efficiency). Since the responses of the reactions were 
simplified into equations, the predicted efficiency at different levels can be calculated 
easily. Three targets were set (through the software) for different purpose. Conditions 
in 'Target l' were chosen as the optimized conditions for the later studies because it 
balanced the efficiency between dye decolourization and chromate reduction. 
5.3 Performance of Brevibacterium linens under different culture conditions 
Figure 4.8 shows that B. linens could reduce both chromate and dichromate. 
Different source of Cr(VI) would not affect the chromate reduction of B. linens. 
Figure 4.9 reveals the narrow working pH range of B. linens (growth appeared 
I 
at pH 7-10 only). The removal efficiency dropped significantly when the pH 
increased from 7 to 10. This is because B. linens grow well at neutral pH and growth 
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occurs between pH 6.5 and 8.5 (Holt, 1986). 
Figure 4.10 shows that B. linens could function well In 3% NaCI solution 
(marine environment) as well. It is because B. linens is halotolerant, therefore high 
salt environment does little inhibition to B. linens (Rattray & Fox, 1999). 
5.4 Postulation of mechanisms 
5.4.1 Possible reasons of unexpected results in the effect of initial Acid Orange 7 
and K2Cr04 concentration 
The azo dye degradation and chromate reduction, as mentioned, was expected to 
be a reduction process and required e -. Therefore the two reactions should complete 
for e-. However Figures 4.11 and 4.12 show that the increase of A07 and K2Cr04 
concentration did not inhibit the dye decolourization and chromate reduction 
efficiency. More surprising is that when A07 or K2Cr04 was absent, the chromate 
reduction and dye decolourization efficiency was even nearly absent too. 
Furthermore, a purple substance was always formed when after the treatment and the 
intensity of the colour was somehow proportional to the chromate reduction 
I 
efficiency. Thus the mechanisms of dye decolourization and chromate reduction by B. 
linens might not be as expected to be both reduction in this study. 
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Figure 4.13 shows that B. linens was able to reduced Cr(VI) with the absence of 
A07 when the nutrients was sufficient. As mentioned, Faisal & Hasnain (2004) 
reported the chromate reduction ability of Brevibacterium sp. Also only chromate 
reductase activity was found in the CFE of B. linens, but negligible azoreductase 
activity was found. Therefore it was believed that B. linens should be able to encode 
the chromate reductase to reduce Cr(VI). 
The results in RSM also provided some information for speculating the 
mechanisms. The maximum dye decolourizaion efficiency obtained from RSM was 
about 40% only. This low removal efficiency implied that A07 was not likely to be 
degraded in the reaction. Moreover all the factors have similar effects to the dye 
decolourization and chromate reduction, except glucose, which negatively affected 
the dye decolourzation and improved the chromate reduction before the glucose 
reached the optimal level. This showed the glucose and A07 might have similar 
function in the reactions and hence competition occurred. 
From the above information, it is speculated that A07 was not degraded, but 
instead, it might be used as a co-factor to reducing the Cr(VI) and was then 
transformed into othe~ substance that is purple in colour (cause of purple colour 
formation). 
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5.4.2 Properties of the purple colour degradation intermediate 
The key cue to the mechanisms was the purple intermediate formation. 
Therefore the purple intermediate was isolated and the compositions of the purple 
intermediate were investigated by different analytical methods. 
Firstly, the intermediates should have structure related to that of A07. It is 
because only A07 could be used by B. linens for chromate reduction (Figure 4.1). 
Secondly, Amberlite XAD-4 resin would not retain simple ions (Tun<;eli & 
Tiirker, 2002). Therefore the purple intermediate should not be simple ionic 
compound as it could be retained by Amberlite XAD-4 resin. Moreover the purple 
intermediates have similar properties as the Cr-DCP complex which is also purple in 
colour and H2S04 with methanol is required to elude from the Amberlite XAD-4 





C-O-Cr (H2 0)X ~ / 
·· N N , 
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Fig. 5.1 The . structure of Cr(III)-DCP complex 
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Thirdly, chromium was detected in the purple intermediates fraction by AAS 
analysis. The amount of chromium detected is closed to the amount of A07 
decolourized (---4.57 ~mole in 40 mL solution for 40% of A07 decolourization). This 
shown that the intermediate contain chromium and it might be chromium complex. 
However in the result in MS analysis, the peaks in the mass spectrum obtained 
in both negative and positive ion modes did not showed isotope pattern of chromium. 
That might be due to the preferential ionization of the organic compound over 
organo-metallic compound. 
The other properties of the purple intermediate are summarized in Table 5.1 and 
the possible structure of the intermediates was deduced from the above information 
and is shown in Figure 5.1. 
Table 5.1 Properties of the purple intermediates 
Properties Reasons 
Not simple ionic substance Can be retained by the Amberlite XAD-4 resin 
Structure related to A07 A07 was required in the reaction 
Contain chomophore Purple in colour 
Contain chromium Chromium detected by AAS 
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5.4.3 Mechanisms likely responsible for the chromate reduction 
A postulated mechanism is shown in Figure 5.2. B. linens can only produce CR 
to reduce Cr(VI). However, under nutrients limiting conditions, there are not enough 
nutrients for the B. linens to be used as e- donor (e.g. NADH) for Cr(VI) reduction. 
However B. linens can utilized A07 as an e- donor (like glucose) to reduce Cr(VI) 
(by single or a group of enzyme). Then Cr(III) produced then complex with the A07 





Cr( III )-complex 
Cr(VI) 
Cr(lll) 
Fig.5.2 Possible mechanisms of the Cr(VI) reduction by Brevibacterium linens 
5.4.4 Explanation of the unexpected results 
The postulated mechanisms can explain the unexpected results in the effect of 
initial A07 and K2Crb4 concentration. For higher initial A07 concentration, there 
was higher chromate reduction as higher amount of e- donor was provided. When 
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there was no A07, there are limited e - donor for Cr(VI) reduction in nutrient limiting 
conditions. 
F or higher Cr(VI) concentration, the decolourization increased due to the higher 
requirement of A07 as e- donor. However when the Cr(VI) concentration beyond 1 
mM, It become toxic to bacterium and thus both decolourization and chromate 
reduction decreased. When there was no Cr(VI), there was no e - acceptor for B. 
linens to oxidized A07. Hence no dye decolourization occurred. 
In RSM study, glucose showed inhibitory effect to the decolourization of A07. 
Glucose was used as e- donor to enhance chromate reduction in many studies (Pal & 
Paul, 2004; Lee et al. 2008). As the affinity of glucose should be higher than A07, 
glucose is preferred by B. linens as e- donors if both glucose and A07 is existed. 
The predicted maximum A07 decolourization was about 40% only. This might 
be due to the low affinity (high Km value) of A07 to the enzyme. According to 
Michaelis-Menten equation, the enzyme reactions can be explained by the following 
equation: 
v xS 
v = max 
Km+ S 
(Equation 5.1 ) 
81 
Where v is the reaction velocity, S is the substrate concentration, V max is the reaction 
constant and Km is saturation constant. 
When the substrate concentration is high, the effect of Km would be negligible. 
But when the substrate concentration is low, the effect of Km will be significant and 
the velocity of the reaction will be greatly reduced. Therefore the Km value of A07 
might be too high that a large amount of A07 was required for the reaction. 
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6. Conclusions 
In this study, a chromate reducing and azo dye decolourizing bacterium, 
Brevibacterium linens, was isolated from the sludge sample collected from a dyeing 
factory in Guangdong. The conditions for azo dye decolourizatoin and chromate 
reduction were optimized by RSM. 2-level factorial design with minimal resolution 
V design (MRS) was used to screen out the six factors with significant effects. 
Glucose, (NH4)2S04, and peptone were chosen for central composite design (CCD) 
study to find out the optimal conditions. The predicted optimal nutrient composition 
predicted by RSM was 0.24 g/L glucose, 3.0 g/L (NH4)2S04 and 0.2 g/L peptone, at 
pH 7 and 3SoC. The predicted maximum dye decolourization and chromate reduction 
efficiency were 40.7 + 1.7 and 83.4 + 0.6%, respectively. 
The convenience and versatile of RSM was revealed by this study. The number 
of factors can be reduced systematically by the 2-level factorial design and the 
effects of different factors and their interactive effects to dye decolourization and 
chromate reduction were converted into simple equations by CCD. Adjustment of 
conditions for the balance of different response can be made easily by setting 
I 
different targets in prediction. The applicability of RSM in optimization of 
biodegradation study is shown by the study. 
The performance of B. linens in different conditions was investigated. B. linens 
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can reduce different source of Cr(VI) and function well in high salt environment (3 % 
NaCI). B. linens have potentials for practical application in biological chromate 
reduction as it is able to use low cost azo dye as e donor for chromate reduction (the 
cost of the common e- donor such as glucose and organic acid are expensive). 
Although the dye decolourization efficiency is not satisfactory, a continuous 
treatment process can solve the problem as the dye will be continuously decolourized. 
However the narrow working pH range and azo dye spectrum (A07 specific) of B. 
linens might limit the practical application of B. linens. The 
The effect of initial A07 and K2Cr04 concentration showed unexpected results. 
This implied that dye decolourization and chromate reduction by B. linens was not as 
expected (both are reduction processes) and A07 was not likely to be fully degraded 
in the process. Therefore it is important to investigate the simultaneous biological 
treatment of different pollutants as the complexity of the microorganism and the 
co-existence of different pollutants in real waste water might produce results which 
are different from those in treatments of single pollutant only. 
The properties of the purple intermediate were identified with Amberite XAD-4 
I 
resin, mass spectrometry analysis and atomic absorption spectrometry analysis. The 
results suggested that the purple intermediate should be Cr(III) complex. 
A new mechanism for dye decolourization and chromate reduction by B. linen 
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was proposed. Under nutrient limiting conditions, A07 is used as a e- donor by 
enzyme( s) in B. linens for the reduction of Cr(VI). The reduced Cr(III) was then 
complex with the oxidized A07 and formed a purple colour intermediate. This 
should be the first report on biological chromate reduction using substance rather 
than original carbon source (e.g. glucose) as an e- donor. 
However the pathways of the mechanism are not investigated in the study. The 
details of pathways can be enriched by further investigation on the intermediates 
formation. Besides, the enzyme(s) that can make used of A07 as an e- donor for 
chromate reduction is also an interest for further study. The expression and 
purification of the corresponding enzyme( s) in B. linens should be the first step to 
investigate the enzyme(s). 
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8. Appendices 
8.1 Definition and calculation of different terms in 2-level factorial design 
2-level factorial design sets variables at 2 levels: high (+) and low (-), and runs 
required in a full 2-level factorial design is 2n, in which n is the number of factors. If 
there are 3 variables (A, B and C) included in a full 23 design, 3 main effects (A, B 
and C), 3 2-factor interaction effects (AB, BC and AC) and 1 3-factor interaction 
(ABC) can be estimated. The experimental design of 23 design in order to estimate 
effects of factors and interactions can be expressed in Table 8.1. In order to illustrate 
the design, the examples in book of Anderson & Whitcomb (2007) are used. 
Table 8.1 Test matrix in standard order with coded levels (+ and-) 
Std. runs Main effects Interaction effects Response 
A B C AB AC BC ABC Y 
1 - - - + + + - 74(YI) 
2 + - - - - + + 75(Y2) 
3 - + - - + - + 71(Y3) 
4 + + - + - - - 80(Y4) 
5 - - + + - - + 81 (ys) 
6 + - + - + - - 77(Y6) 
7 - + + - - + - 42(Y7) 
8 + I + + + + + + 32(ys) 
Effect -1.0 -20.5 -17.0 0.5 -6.0 -21.5 -3.5 66.5 
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It can be observed that for main effects, the first factor change sign every other 
row, the second factor every second row, the third factor every fourth row, and so on, 
based on power of 2. While for interactions, the signs are determined by multiplying 
the parent terms, e.g. for row 1, sign of interaction ABC is calculated from -A x -B x 
-C which is a "-". To calculate coefficients, which quantify the effects of factors, the 
following equation will be used (Equation 8.1): 
(Equation 8.1) 
F or example, 
E ==Y2 +Y4 +Y6 +Y8_Yl +Y3+YS+Y7 == 75+80+77+32_74+71+81+42==_1 
a 4 4 4 4 
8.2 Definition and calculation of different terms in ANOVA table 
In order to illustrate the terms in ANOVA table, the examples In book of 
Andersona & Whitcomb (2007) are used. 
100 
Table 8.2 ANOVA for 2-level factorial design 
Source Sum of Degree of Mean F value 
square (SS) Freedom Square 
(D±) (MS) 
Model 2343.0 3 781.0 31.5 
B 840.5 1 840.5 34.0 
C 578.0 1 578.0 23.3 
BC 924.5 1 924.5 37.3 
Residual 99.0 4 24.8 
Cor Total 2442.0 7 
The calculation and definition of different terms were shown below 
The Sum of the square (SS) is the square of the effect: 
ss = N (Effect2 ) 
4 
SSmodel is the total SS associated with main effects (B and C). 








SSresidual is the addition of the small effects which used as an estimated of error 
SS residual == SS A + SS AB + SS AC + SS ABC 
Mean square (MS) is the SS divided by the degree of freedom(Df): 
MS == SS 
DJ 
2343 




F -value is the ratio of MS between the terms to the residual, which represent the 
signal to noise ratio 
MS F==---
MS res idual 
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For example, Fmod el == -- == 31.5 
24.8 
(Equation 8.6) 
The F -value of curvature was calculated by the following equation which represent 
the different between the centre point and the first order model. 
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F == curvature 
(y f actorial - Y center ) 2 (Equation 8.7) 
1\ 2( 1 1) 
(Y + 
N factorial N center 
There is a corresponding p-value for the F-value. The p-value (reported as 
"Probability > F") indicates the probability of error which due to the noise but not 
the actual effect of the factors. p-value less than 0.05 is considered as significant, 
providing at least 95% confidence for the results. 
8.3 Aliases of terms and resolution 
As mentioned, the total run required in a full 2-level factorial design is 2n. When 
the factors of interest increase, a fun 2-level factorial design is usually unpractical as 
the number of run is too large. Fractional factorial design can be used to cut down the 
number of experiments. However there is a price of the alias of terms. This is 
measured by the ' resolution' of the fractional factorial. In order to illustrate alias and 
resolution, the examples in book of Anderson & Whitcomb (2007) are used. 
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Table 8.3 Test matrix of a fractional factorial design 
Std. runs Main effects Interaction effects Response 
A B C AB AC BC ABC y 
2 + + + 
8 + + + + + + + 32(Y8) 
Effect -1.0 -20.5 -17.0 0.5 -6.0 -21.5 -3.5 Full 
Effect - 22.5 -26.5 -16.5 -16.5 -26.5 -22.5 Fraction 
Now the run 2, 4, 6 and 7 are eliminated. Although there is a nice balanced 
pattern for the main effects, each effect has an identical tein in terms of the pattern of 
+ and -. When we said the effect of A, actually it is attributed by A +BC (same for the 
other factors). In this situation, the contribution due to factor A or factor BC to the 
' term A' is unknown and it is call aliases. 
The resolution of the design is very important as it can reduce the problem of 
aliases. However high resolution required more runs, therefore there is a balance 
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between the resolution and the number of run. Below IS the definition of the 
resolution. 
Resolution Ill: at least one maIn effect IS aliased with at least one two-factor 
interaction 
Resolution IV: at least one main effect IS aliased with at least one three-factor 
interaction, and at least one alias between a pair of two-factor interactions 
Resolution V: main effects are aliased only with four-factor interactions, and 
two-factor interactions are aliased only with three-factor interactions 
8.4 Moving of factors in path of steepest ascent 
Consider the following first-order model: 
y = 40 + 0.775xl + 0.325x2 (Equation 8.8) 
For steepest ascent, we move 0.775 units in the Xl direction for every 0.325 
units in the X2 direction. Thus thePSA passes through the center (0, 0) and has a 
slope of 0.375/0.775. 1 If say 1 unit of Xl is actually equal to 5 minutes in actual units, 
and 1 unit of X2 is actually equal to 5°C, the PSA are 
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~Xl = 1.00 x 5 = 5 minutes and 
~X2 = (0.375/0.775) x 5 = 2.1 °C. 
Therefore, the PSA is moved by increasing time by 5 minutes and temperature by 
2°C. An actual observation on yield will be determined at each point. 
8.5 Estimation of the parameters in linear regression models 
The method of least squares is a typical way to estimate the regressIon 
coefficients in a multiple linear regression models. This method is very useful in 
estimate coefficients in CCD generated models. 
Suppose there are n observations on the response and corresponding variables, 
and totally k variables are available as shown in Table 8.4. 
Table 8.4 Data for multiple linear regression 
y 
Yn Xnl Xn2 Xnk 




Y i == /30 + /31 x n + /32 X i2 + ... + /3k X ik + &i == /30 + L /3) xij + &i , 
)=1 
i=l ,2, ... ,n 
(Equation 8.9) 
where /30 is the intercept, /3i are coefficients of variables Xi, and ei is the random errors. 
Equation 1.8 may be expressed in matrix notation as Equation 8.10 
y==XP+E (Equation 8.10) 
Where 
Y 1 1 x ll X 12 ... Xlk /30 &] 
Y 2 1 X 21 x 22 ... X 2k /31 
, and &2 y== , X== , P== E== 
Yn 1 x n1 x n2 ... xnk /3n &n 
In general, y is an n x 1 vector of the observations, X is an n x p model matrix 
consisting of the levels of the independent variables expanded to model form plus an 
additional column of 1 s to account for the intercept term in the model, P is a p x 1 
vector of the regression coefficients, and E is an n x 1 vector of random errors. 
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We wish to find the vector of the least squares estimators, b, that minimizes 
n 
L = LE~ = E'E = (y - XP)'(y - Xp) 
i=l (Equation 8.11) 
= y'y - P'X'y - y'XP + P'X'XP 
The least squares estimators must satisfy: 
aL 
- = -2X'y + 2X'Xb = 0 
ap b 
which simplifies to 
X'Xb= X'y (Equation 8.12) 
Thus the least squares estimator of p is 
b = (X'X)-lX'y (Equation 8.13) 
The fitted regression model is 
y == Xb (Equation 8.14) 
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In scalar notation, the fitted model is 
k 
Yi = bo + Lbjxij , 
j =l 
i=1,2, .. .. ,n (Equation 8.15) 
The difference between the observation Yi and the fitted value Yi is a residual, 
which is e j = Yi - Yi (Myers et ai., 2002). 
8.6 Definition and calculation of different terms in test of fitness 
In order to test the fitness of a generated second-order model, a few parameters 
including correlation coefficient (R2), adjusted correlation coefficient (R2 adj) , 
predicted residual sum squares (PRESS), predicted correlation coefficient (R2 pred) 
and F or P value of lack-of-fit test (LOF) (Anderson & Whitcomb, 2005). 
R2 measures the proportion of variation explained by the model relative to the 
mean (overall average of the response). It is calculated from Equation 8.16: 
R 2 = _S_S_mo_d e_' 
SSCorTot 
(Equation 8.16) 
However this raw R 2 exhibits bias. As more predictors come into the model, the 
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numerator can only increase while the denominator remains constant. Therefore even 
unimportant variables are added into the model, the raw R 2 still increase. 
Therefore R2 adj and R2 pred is usually used instead as they can reduce the bias. 
R2 adj adjust the raw R2 by giving a penalty, as shown in Equation 8.17. 
R 2 = 1 _ n - 1 x (1 _ r 2 ) 
ad] 
n-p (Equation 8.17) 
Where n is the sample size and p is the number of model parameters. 
When the number of model parameter increases, the penalty goes up. But if 
there parameters significantly improve the fitness, the increase in raw R 2 will 
outweigh this penalty. 
The R2 pred is converted from PRESS, as shown in Equation 8.18. 
2 -1- PRESS 
R pred - SS 
CorTot 
(Equation 8.18) 
PRESS for the model is a measure of how well a particular model fits each point 
in the design. For calculation of PRESS, an individual observation (i) from the 
original set (n) is set aside and the regression model is refit to the remain n-1 data. 
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The error in predicting point "i" is measure and the difference is squared. The 
procedures are repeated for all n observations and the total difference is sum up. 
Where "corrected total" (SSCorTot) is the sum of squares around the mean. Figure 8.1 










Fig 8.1 Corrected total (residual from mean) 
) 
I 










Fig 8.2 Predicted residual sum of squares (each point ignored) 
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Unlike the raw R2, the value of R2pred can be less than zero, which indicates the 
linear model fits poorly and just taking the average would be the best. 
The LOF test compares the error from excess design points (beyond what's 
needed for the model, which also called residual without pure error) with the pure 
error from the replicates (center points). It tests whether the model adequately 
describes the actual response surface. Figures 8.3a and 8.3b illustrate the LOF test by 
diagram. Insignificant lack -of-fit test is desired. 
(a) (b) 
y y 
~"' .......•..•• _ .• w '" •. _____ _ 
x x 
Fig. 8.3 Lack of fit (a) not significant (b) significant 
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